One central goal of mechanobiology is to understand the reciprocal effect of mechanical stress on proteins and cells. Despite its importance, the influence of mechanical stress on cellular function is still poorly understood. In part, this knowledge gap exists because few tools enable simultaneous deformation of tissue and cells, imaging of cellular activity in live animals, and efficient restriction of motility in otherwise highly mobile model organisms such as the nematode Caenorhabditis elegans. The small size of C. elegans makes them an excellent match to microfluidics-based research devices and solutions for immobilization have been presented using microfluidic devices. Although these devices allow for high-resolution imaging, the animal is fully encased in polydimethylsiloxane (PDMS) and glass, limiting physical access for delivery of mechanical force or electrophysiological recordings. Recently, we created a device that integrates pneumatic actuators with a trapping design that is compatible with high-resolution fluorescence microscopy. The actuation channel is separated from the worm-trapping channel by a thin PDMS diaphragm. This diaphragm is deflected into the side of a worm by applying pressure from an external source. The device can target individual mechanosensitive neurons. The activation of these neurons is imaged at high-resolution with genetically-encoded calcium indicators. This article presents the general method using C. elegans strains expressing calcium-sensitive activity indicator (GCaMP6s) in their touch receptor neurons (TRNs). The method, however, is not limited to TRNs nor to calcium sensors as a probe, but can be expanded to other mechanically-sensitive cells or sensors.
Introduction
The sense of touch provides animals with crucial information about their environment. Depending on the applied force, touch is perceived as innocuous, pleasurable, or painful. The tissue deformation during touch is detected by specialized mechanoreceptor cells embedded in the skin that express receptor proteins, most commonly ion channels. The steps linking force perception to ion channel activation during touch and pain are not fully understood. Even less is known about how the skin tissue filters mechanical deformation and whether mechanoreceptors detect changes in strain or stress 1, 2, 3 . This gap in understanding arises, in part, from a lack of suitable tools to apply precise mechanical stimulations to the surface of the skin of a living animal while observing the responses at the cellular level. Whereas atomic force microscopy has been used extensively to apply and measure forces in isolated cells 4, 5 and also to activate Piezo1 receptors in living cells 6 , similar experiments using living animals, especially C. elegans, have been notoriously challenging due to the intrinsic mobility of the subject. This challenge is traditionally circumvented by using veterinary-or surgical-grade cyanoacrylate glue to immobilize individual animals on agar pads 1, 7, 8, 9 . This approach has been productive, but has limitations related to the skill required for immobilization by gluing and the soft agar surface on mechanical compliance. A microfluidics strategy is a complimentary alternative that avoids some of the complications linked to gluing.
The nematode C. elegans is a genetic model organism with a completely mapped nervous system that, due to the animal's size, is a good fit for microfluidics technology. Microfluidics-based devices offer the advantage that the otherwise extremely mobile animals can be restrained while performing high-resolution imaging and delivery of relevant neuro-modulatory stimuli. With the help of microfluidic technologies, living animals can be immobilized without harm 10, 11 , enabling monitoring of behavioral activity over the entire lifetime 12, 13 and high-resolution imaging of neuronal activity 14, 15, 16, 17 . Further, many mechanoreceptor neurons needed for the sense of touch and pain can be characterized on their physiological 1, 8 , mechanical 4, 18, 19 , and molecular level 20, 21, 22 .
C. elegans senses gentle mechanical stimuli to its body wall using six TRNs, three of which innervate the animal's anterior (ALML/R and AVM) and three of which innervate the animal's posterior (PLML/R and PVM). The ion channel molecules needed for transducing an applied force into a biochemical signal have been extensively studied in its TRNs 8, 23 . This article presents a microfluidic platform 24 that enables researchers to apply precise mechanical forces to the skin of an immobilized C. elegans roundworm, while reading out the deformation of its internal tissues by optical imaging. In addition to presenting well-defined mechanical stimuli, calcium transients can be recorded in mechanoreceptor neurons with subcellular resolution and correlated with morphological and anatomical features. The device consists of a central trapping channel that holds a single animal and presents its skin next to six pneumatic actuation channels ( Figure 1 and Figure 2 ). The six channels are positioned along the trapping channel to deliver mechanical stimuli to each of the worm's six touch receptor neurons (TRNs). These channels are separated from
Preparation of the Microscope
NOTE: Transgenic animals: express a calcium indicator such as GCaMP6s 29 or other genetically encoded activity probe in the neuron(s) of interest (e.g., TRN); co-express an activity-independent fluorescent protein emitting at a different wavelength to correct for small lateral and outof-focus movement artifacts that arise due to mechanical stimulation. The automated analysis software tracks and compensates for movementinduced changes in the intensity of the activity probe. The worm strains GN692 24 (or AG3236
30
) express GCaMP6s (or GCaMP6m) and the calcium-independent tagRFP under the control of mec-7 promotor. Additionally, GN692 contains the mutation lite-1(ce314), which prevents activation of TRNs due to the blue light sensor lite-1 31 during excitation of the GCaMP6sfluorescence 24 .
1. Set up a microscope system for simultaneous excitation of GCaMP and RFP.
1. Use either a continuous light source and a dual band excitation filter that transmits only cyan and yellow light, or use a light source that emits only wavelengths in a defined bandwidth such as simultaneous cyan (0.77 mW) and yellow (1.21 mW) LED excitation sources for simultaneous excitation of the calcium-dependent and independent fluorescence, respectively. 2. Use a digital camera to enable recording of microscopy images.
NOTE: Most cameras come with a software for image acquisition. Alternatively, there are freely available software that can be used to control the camera and potentially also other parts of the microscopy system. 3. Adjust excitation intensity based on fluorescence intensity to avoid camera saturation.
2. Use a fluorescence cube that depending of the choice of the excitation source needs to be equipped with an excitation filter.
NOTE: A 488-nm GFP and 580-nm mCherry excitation filter was used here. 1. Add a beam splitter to the cube for reflecting cyan and yellow light and transmitting green and red light. 2. Equip the microscope with a 10x objective and a high-magnification objective (e.g., 63x/1.32 NA oil) to focus the excitation light onto the sample.
3. Mount a beam splitter in front of the camera for simultaneous recording of the GCaMP and the calcium-independent signal. Ensure that the beam splitter has a dichroic mirror (long pass, cut-off at 570 nm) to separate green and red light using one emission filter for green (passband centered at 525 nm with 50 nm width) and one emission filter for red light (passband centered at 632 nm with 60 nm width). 4. Project green and red fluorescence onto the upper half (green) and lower half (red), respectively of the camera chip (see Figure 3) . This orientation is a prerequisite for the provided analysis software.
Animal Preparation
1. Prepare age-synchronized young adult or adult day one C. elegans, as described previously by Porta-de-la-Riva et al. 32 2. Prepare the microfluidic chip. 1. Connect the gravity flow reservoir (~ 60 cm above chip level) containing filtered (0.2-µm polyethersulfone syringe filter) M9 buffer to one outlet of the chip. Connect the other outlet to one outlet of a two-outlet waste container, i.e., a filter flask. Connect the other outlet of the waste container to a peristaltic pump. NOTE: Use polyethylene (PE) tubing for all connections and use metal tube fittings to connect the PE tubing to the chip. This way all waste solutions will be flushed out of the chip and collected in the waste container. The flow through the outlet channels creates a gentle suction that will keep the worm snug during the later trapping process. 2. Prepare interconnects consisting of 50-mm long PE tubing (0.9652-mm OD, 0.5842-mm ID) with metal tubing (gauge size 23TW, 0.635-mm OD) on both ends. Press-fit these interconnects into each of the six actuation fingers and into the worm inlet (see Figure 1 ). Leave these interconnectors in the chip, as repeated removal leads to wear on the PDMS holes.
3. Place the chip on the microscope. Pick 2-5 worms into a drop of filtered (0.2-µm syringe filter) M9 buffer and use a 1-mL syringe to draw them up into a PE tubing (0.9652-mm OD, 0.5842-mm ID) connected to a 1-mL syringe by pulling the plunger gently. Keep the animals in the PE tube and not in the syringe. NOTE: Too many worms or unfiltered solutions in the chip can lead to clogging. 4. Connect the PE tubing of the syringe to the interconnect at the worm inlet ( Figure 1 and Figure 2 ) of the chip. Activate the gravity flow by opening the valve and start the peristaltic pump. Then gently press the syringe plunger of the syringe to move the animals into the trapping channel while observing the channel under a microscope with a 10x lens in brightfield mode. NOTE: Occasionally-appearing air bubbles do not pose a problem; they are usually automatically moved into the outlet. Several animals can be 'parked' in the waiting chamber and used sequentially. 1. After loading the animal into the trapping channel (see also Figure 2 ), adjust its position by gently pushing or pulling the plunger of the syringe to position the head of the animal in the tapered shape of the front of the channel. 2. Make sure the worm (adult day 1) has the right size to be trapped in the chip.
1. If the worm does not fill the entire cross-section of the channel from the nose to near the end of the body (not including the tip of the tail) or the worm moves along the axis of the channel without moving the plunger of the syringe, remove the worm by pressing the plunger of the syringe until it disappears from the trapping channel and load a new one (see step 3.8).
3. Switch to fluorescence mode of the microscope and a higher magnification lens (40x or higher) and check whether the neurite of the neuron of interest comes to lie across the diaphragm of one of the actuators. If not, adjust the position of the animal by pulling or pushing the plunger. If that does not help, remove the worm and load a new one.
5. Focus on the cell body of the neuron of interest and connect the interconnect of the actuator closest to the neuron on the anterior side of the cell body to a programmable pressure pump using PE tubing. 1. If the experiment requires measuring the distance between the actuator and the neuron, move the field of view so both are in the field of view and the channelwall is parallel to the upper and lower edge of the image.
6. Define a pressure protocol using the programmable pressure pump. NOTE: This protocol can be adjusted to the desired experiment.
1. Start with a constant pressure of 0 kPa for a time corresponding to at least 50 images of the image sequence (necessary for normalization). For an imaging rate of 10 Hz this corresponds to 5 s.Add a desired stimulus waveform and pressure and define the length of the stimulus as a second step. NOTE: For stimulating the TRNs, a sinusoidal waveform of (i.e., 75 kPa, 10 Hz) superimposed with a step (i.e., 275 kPa) is recommended as it generates a large neuronal response. 2. If the experiment requires additional stimuli, include a period of at least 10 s at a constant pressure of 0 kPa in between stimuli.Before switching the pressure pump on, make sure the instrument pressure is at constant 0 kPa to avoid accidental stimulation of the worm before the actual experiment.
7. Run the imaging and pressure protocol. 1. In the image acquisition software of the camera, set up an image sequence at 10 Hz using an exposure time of 100 ms for the duration of the pressure protocol. Adjust the excitation intensity such that the maximal fluorescence increase does not saturate the camera. Save the images as a *.tif file with at least 50 images before the first stimulus for normalization. 2. Start the imaging protocol in the image acquisition software and the pressure protocol in the software of the programmable pump.During recording, observe whether the neuron of interest is the brightest spot in an area of 10 x 10 pixels, does not move farther than 10 pixels in sequential images, and stays in the field of view during the recording. NOTE: If this is not done, the analysis software will fail. Bright spots (i.e., autofluorescence) around the neuron make clean recordings of the neurons difficult. To correct this, remove the worm from the trap and load a new worm into the chip. If the worm moves too much, try a new recording of the same worm and observe the worm motion. If the problem persists the worm might be too small to be trapped. In this case remove this worm and load a slightly bigger worm into the trap. 3. If desired, record signals from multiple neurons in the field of view simultaneously as long as the neurons are separated by at least 10 pixels during the entire recording. 4. To investigate habituation, perform the experiment repetitively on an animal.
8. Remove the worm from the trapping channel.
1. If it is desired to keep the worm for subsequent studies, disconnect the outlets of the chip towards the gravity flow and the waste container. Press the plunger of the syringe gently until the entire worm is pushed through the trapping channel into the flow channel. 2. Continue pressing the syringe plunger until the animal appears in a droplet outside the chip. Disconnect the syringe including the PE tubing from the worm inlet, use it to aspirate the worms in the droplet and transfer it onto an agar plate. 3. If it is not desired to keep the worm, remove the worm by pressing the plunger of the syringe until the entire worm is pushed through the trapping channel into the flow channel; the gravity flow and the suction of the peristaltic pump will carry the animal out of the chip and into the waste container. increase or decrease the number. If in the previous tab the "Define the actuator?"-box is checked, define the camera cell size, the magnification, and the binning factor, so the program can calculate the distance. 5. Click on the "Start Analysis" button.
Analysis
NOTE: The program will now track the neuron by its fluorescence in the image sequence in the upper half (calcium dependent) and in the lower half (calcium independent) of the image sequence. To account for neuron motion in the plane of recording the program will investigate an area of 10 x 10 pixels around the location of the neuron in the previous image to find the position of the neuron in the following image. It will calculate the fluorescence in both halves by correcting for the background fluorescence (F bg ) and dividing by the fluorescence in the first 50 images (F 0 ):
Fluorescence changes in the green, activity-dependent channel (F Ca
2+
) that are caused by neuron motion out of the plane of recoding are then corrected using the fluorescence in the red, activity-independent channel (F corr ) and the pre-stimulus standard deviation of the calcium-dependent (sd Ca
) and independent fluorescence (sd corr ) by:
6. The program will show its progress in the status bar in the lower part of the interface; when the status bar reaches 100%, click on the "Results" tab. If the status bar stops before 100%, the program will give an error message indicating the reason the program could not analyze the video.
1. If the signal to noise ratio is too low, the program cannot identify the neuron; adjust the imaging parameters in subsequent recordings. 2. If the neuron leaves the field of view during the recording, the program cannot track it anymore and will stop. For subsequent recordings, place the neuron in the middle of the field of view at the beginning of the recording. 3. If some regions in the field of view are oversaturated, the automated analysis will produce invalid results. For subsequent recordings, make sure the fluorescence signal does not saturate the camera sensor.
7. In the 'results' tab, the result is displayed in the upper part. Save a tab-separated *.txt file of the result table by clicking on "Save the Result Table" . NOTE: This table consists of the time in seconds and the normalized calcium-dependent fluorescence (corrected by the calciumindependent fluorescence). If previously defined, it also contains the total distance between the TRN and the actuator in µm and the distance between the TRN and the actuator perpendicular to the channel wall in µm. Representative results of the fluorescence intensity increase after stimulation versus the distance of the cell body to the closest actuator are plotted in Figure 4 . 8. If there are multiple neurons in one recording (separated by more than 10 pixels), click on the "Define ROIs" tab again and return to step 4.6.2 with the second neuron.
Representative Results

SU-8 Lithography and Chip Bonding:
The lithography protocol and PDMS molding follow standard procedures. Details can be found elsewhere 24, 25, 26, 27 . The PDMS should peel off the wafer without problems after curing. If the SU-8 features rip off during PDMS peeling, either the SU-8 adhesion layer or the silanization was insufficient. If plasma-activation of the glass coverslips and the PDMS chips is not sufficient, weak bonding can result in leakage out of the trapping channel or pneumatic actuators resulting in performance degradation and absence of stimulation. If fluid leakage is evident, the chip is unusable.
Actuator Performance:
All of the PDMS actuators and the tubing connecting the chip to the air reservoir must be properly sealed to ensure proper pneumatic actuation of the diaphragms. Repeated insertion and removal of the PE tubing (plumbing) will damage PDMS holes and lead to a decrease in pressure. Such a loss of pressure will limit actuator deflection and the force applied to the skin of the immobilized animal. Deflection of the diaphragm can be measured using an empty chip (no animal present) by performing several actuation cycles with the desired pressure and comparing the quantitative values with theoretical predictions. The deflection of the diaphragm was not measured in presence of an animal in the trapping channel, because the membrane and worm boundary are difficult to visualize. This makes precision calibration with a trapped animal not possible. Table 1 lists the expected deflection as a function of pressure. These values were calculated using elastic plate theory and details can be found in Nekimken et al. 24 This relationship is expected to vary with differences in diaphragm thickness generated during chip casting and other factors such as the integrity of the bonding between the chip and the glass and seals connecting the chip to the pressure sources.
Here, values were reproducible with slight variation not exceeding 1 µm at 450 kPa of pressure. We have characterized the performance of the diaphragms for all three different stimulus profiles and refer the interested reader to Nekimken et al. 24 In summary, there are several factors to consider if the values deviate from Table 1 : 1) a leak in the tubing or tubing connectors, 2) the PDMS has a different elasticity, which can result from an alternative ratio of base polymer and curing agent, or 3) the PDMS has aged and continued to crosslink over time. Therefore, use of chips which have been prepared within a month of their application is recommended.
Trapping Performance:
After inserting the worms into the inlet of the chip, a gentle pressure with the syringe should place one single animal inside the trapping channel and present its skin alongside the six actuators (Figure 1) . Importantly, the nose of the animal does not necessarily need to protrude into the buffer reservoir. Instead, it is more important to position the animal such that the neurite is adjacent to the nearest actuator and its cell body is within the field of view of the microscope. To achieve optimal neuronal activation, the distance between the actuator and cell body should be adjusted such that the actuator lies anterior to the cell body of interest. In our experience, for neurons stimulated posterior to the cell body, no activation will take place and calcium transients will be absent. Proper immobilization can be achieved with young adult or one-day old hermaphrodites (devices optimized for these two ages are available on the same mask). Smaller animals will slip into the collection reservoir or move laterally inside the trapping channel. Animals that are too large will be squeezed into the channel, which might result in premature activation of its TRNs and subsequent failure to detect mechanoreceptor transients. Also, removal of large worms is challenging, leading to death of the animal and/or clogging of the device. With this design, the PLM neuron usually cannot be immobilized completely, so it is free to move laterally and vertically. Although we have successfully activated PLM neurons, recording calcium transients in these neurons is difficult due to vertical movement of the tail. Another trapping design has been used to record from PLM 
Discussion
This protocol demonstrates a method for delivering precise mechanical stimulation to the skin of a roundworm trapped in a microfluidic chip. It is intended to facilitate the integration of physical stimuli for answering biological questions and aims to streamline mechanobiology research in biological labs. This method extends previous assays to assess the function of mechanosensory neurons in C. elegans. Previous quantitative and semi-quantitative techniques measured forces 1, 35 and behavior 36 , but were difficult to integrate with high-resolution imaging of neuronal activity. We thus believe that the use of this chip extends current applications and its performance is optimized for stimulation of neurons required for gentle touch. We optimized the deflection of the actuator to reach 5 µm, which is a strong enough stimulus to reach nearly maximal neuronal responses. With slight variations, we believe that this design could be used to stimulate harsh touch receptors, such as PVD nociceptors that innervate the body surface 37 .
Modifications and Troubleshooting:
If no clean room is available for SU-8 lithography, a benchtop clean box or SU-8 soft-lithography stations equipped with UV lamps, programmable hotplates, and spin coaters can be used. A low cost alternative for production of microfluidic devices that avoids the use of clean room facilities can also be followed 27 .
In the design, we implemented an existing trapping technique, which immobilizes a single animal in a microfluidic channel. The trap design is adapted from a device that is used to study olfactory sensation in the worm 37 , but it is not the only viable option to suppress worm movement. Other strategies have been reported to hold worms in microfluidic devices: CO 2 , electrophoretic, and compressive immobilization 11, 38, 39 have been used, and could be integrated into a modified design.
We delivered pressure to the actuation channels using a commercially-available, piezoelectric pressure pump which can control and deliver up to 800 kPa from an external pressure source. We connected the pump to compressed air in the research building, which is capable of delivering 450 kPa. If no source of compressed air is available, a tank of compressed, inert gas (e.g., N 2 ) could be used. This would have the added benefit of delivering higher pressures and generating large deformations, but would also require high-pressure fittings to connect to the pressure controller to the chip. Fabricating the chip from softer PDMS is alternative way to increase pressure-induced deformations.
In this experiment, the outlet of the pressure pump is connected to the PDMS chip through 1-mm receiving openings (e.g., punch holes) plugged with adhesive-free and reversible interconnectors consisting of a press-fit 20-gauge metal-tube inserted in a PE tubing. These have been shown to resist pressures up to 700 kPa 40 . Care must be taken during repeated insertion, however, as the PDMS around the holes tends to tear and thus limit the performance or make the chip unusable. For this reason, the metal tubing was inserted once and left plugged into the chip, without removing and inserting it repeatedly.
Critical Steps:
Stimulation is delivered by a pressurized actuation channel, which indents the skin. The resulting deformation and mechanoreceptor neuron activation can be imaged with high resolution on an optical fluorescence microscope and/or confocal set-up. Several factors can hamper the detection of the GCaMP responses. First, C. elegans express a blue-light receptor 31 in many neurons, including TRNs 21, 24 , which activates cells after illumination with blue (488-nm) light. Thus, imaging C. elegans using the genetically encoded calcium sensor GCaMP6s will generate an activation of its neurons upon illumination, obscuring calcium transients activated by mechanical stimulation 24 . Working in the lite-1 mutant background or using red-shifted calcium activity sensors avoids this confound. Second, mechanically-induced calcium transient might not be detected if the stimulus profile does not match the sensitivity of the mechanoreceptors. We failed to detect activation for high-amplitude steps and ramps, but evoked extremely high signals after stimulation with moderate dynamics stimuli (e.g., 200-kPa buzz). Finally, TRNs habituate to a repeated stimuli delivered with short (< 60 s) interstimulus intervals. Thus, it is important to design stimulation sequences that minimize habituation except in cases where habituation is being studied.
We recommend filtering all solutions, as debris and dust in the buffers can easily clog the small trapping channel. Further, animals must be agesynchronized and size-matched to the chip's design; animals smaller than young adults will slide through the device or fail to be restrained and larger animals cannot enter the trapping channels and are in danger of bursting and/or clogging the chip. In case of clogging, application of excessive pressure to the worm or gravity flow inlet may clean the channels, but could also lead to failure of the fitting.
As mentioned in the results section, several factors can lead to a failure in the analysis program. If problems are encountered in the compiling the code, verifying that the most recent Fiji software is running and that Fiji is using the newest Java compiler is recommended. If the program is running but there are unexpected results please make sure that the recorded movie has a 50-frame buffer before the actual mechanical stimulation is performed to ensure a proper estimation of the baseline and background fluorescence. Further, the field of view of the green, activity-dependent (GCaMP6s) and the red, activity-independent (tagRFP) channel are assumed to be projected onto the upper and lower half of the camera chip, respectively. If the optical beam splitter projects the images onto the left and right half of the sensor, turn the camera 90 °t o obtain the desired orientation during the recording or rotate the image stacks in a pre-processing step. Furthermore, the program identifies the neuron by its fluorescence and will fail if the signal-to-noise ratio or contrast is too low. In this case, changing the excitation intensity and/or exposure time may solve the problem. The program will also stop if the neuron leaves the field of view during the recording, in which case the neuron should be positioned in the center of the field of view before starting a new acquisition.
Limitations of the Technique:
The present design enables stimulation of the body wall mechanoreceptor neurons like the PVD nociceptors and the TRNs, but not mechanoreceptors that innervate the worm's head region, such as FLP and ASH. It is limited to pressures < 700 kPa. For larger pressures, different tube fittings need to be employed. Since the pressure supply here did not exceed 500 kPa, the maximum pressure possible to apply was limited to 450 kPa. The calcium transients observed here mark the upper boundary of the expected signal. Another limitation for the design of our actuators is their aspect ratio. In principle, thinner diaphragms would enable larger deformations, but structures with high aspect ratio are difficult to fabricate reliably. If larger deformations are essential, wider actuators or parallel deformations from both sides might be useful, as presented by Cho et al. 30 Although we can monitor diaphragm deformation, it is difficult to measure the forces applied during pneumatic stimulation of the actuation channels. The principle limitation is that the contact area of the actuator is not well-defined. This is because the actuator itself is elastic and deforming during actuation, which changes the contact radius with increasing deflection. With these caveats in mind, we can estimate that a 5-µm indentation (around 300-kPa actuation pressure in an empty chip) is predicted to apply about 3.8 µN to the worm according to the worm stiffness estimates of Petzold et al. 35 Since the force dependence of the neuronal current varies in worms with different stiffnesses 1, 35 , however, monitoring indentation as a measure of stimulus intensity instead of force is recommended.
We hope that the dissemination of this protocol will help users take advantage of microfluidics for mechanobiology research using C. elegans as a model system, and thus accelerate the advancement of science on this important subject in the field.
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